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A. Description:

This research program is based on the premise that selective area deposition of large
arrays of micron and submicron scale ferromagnetic features is possible. The magnetic
characterization of these features, as a function of both size and shape is a major component of
this project but the ultimate goal of this program is to make magnetic device(s). In the first year
and a half of this program we characterized the chemistry of magnetic feature fabrication and
provided clear demonstrations that the fabrication of large arrays of ferromagnetic features is
indeed possible.

The dependence of magnetic properties of a small magnetic feature on both its size and
shape is of considerable fundamental interest. Several approaches to fabricating such micron and
submicron scale metal features have been undertaken by us, including organometallic chemical
vapor deposition (OMCVD) "writing" using scanning transmission electron microscopy
(STEM), and U.V. photolysis. We have been able to develop the photolysis of organometallic
compounds beyond the simple fabrication of magnetic multilayers to deposit micron-scale
magnetic patterns on semiconductor substrates. The photo-assisted selective area OMCVD
method has advantages not shared by many other techniques. The deposition rate is a few orders
of magnitude faster than the STM techniques. The deposition can be performed in ultrahigh
vacuum (UHV); thus, with an appropriate choice of source molecules, chemical contamination
can be minimized not only within the growing film but at the surface as well. This technique is
undertaken at relatively low temperatures so that unusual magnetic multilayers potentially can be
fabricated. This method can yield deposition over a large area in a single-step deposition process.
Since there is now enough material for an appreciable signal, magnetic properties can be studied
by most magnetometry techniques including in-situ measurements, such as magneto-optical Kerr
effect. Utilizing a range of masks, diffraction and relatively short wave length light (light in the
U.V.), a variety of magnetic features can be directly deposited over a wide range of size and
shape.

B. Significant Research Results:

The molecular adsorption and desorption of ferrocene, Fe(CsHs)z [1,2], and nickelocene,
Ni(CsHs)s [3,4], on Ag(100) was studied by both photoemission and thermal desorption, while
ferrocene adsorption was also studied on Mo(112) [5]. Photoemission results indicate that the

initially adsorbed surface species closely resemble that of molecular ferrocene and nickelocene,
respectively. The ferrocene molecule is adsorbed with the cyclopentadienyl (CsHs) ring ligands

parallel to the surface as determined by electron energy loss spectroscopy [1-2]. In the case of
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nickelocene, the bonding configuration has the molecular axis is also along the surface normal
but becomes canted away from the surface normal for bonding configuration phase that develops
with increasing coverage [4]. The shift in photoemission binding energies relative to the gas
phase is largely independent of the molecular orbital for both metallocenes [5]. The ultraviolet
light does lead to partial fragmentation of the ferrocene and nickelocene but fragmentation
appears to occur only in the presence of incident radiation for ferrocene [6,7] at low
temperatures. The energetics of molecular desorption are influenced by lateral interactions within
the molecularly adsorbed film. This is important because this is one of a family of molecules
from which we believe ferromagnetic features can be fabricated.

Since fragmentation occurs only in the presence of incident radiation, selective area
deposition from this class of molecules is possible. Using a focused electron beam in a scanning
transmission electron microscope, we have been able to show that selective area deposition of
features with resolution of a few hundred Angstroms is readily achieved on silicon oxide
substrates [6, 7]. We have now been able to improve the uniformity and feature resolution in the
deposits quite substantially. Highly uniform rectangular and needle-shaped deposits have now
been formed on carbon and silicon nitride substrates with edge acuity and needle width,
respectively, of 40 and 80 Angstroms [18, 19]. We believe that this nanofabrication approach is
capable of still further improvement.

Nickelocene decomposition proves to have some thermal decomposition products but the
photolytic decomposition process is clean and very similar to that of ferrocene [6]. Large arrays
of magnetic features can be fabricated from the photolysis of nickelocene [6-8]. We have been
also able to demonstrate that it is possible to deposit a wide range of sizes and shapes of
magnetic features in large arrays of identical features, using this photoassisted selective area
organometallic chemical vapor deposition [6-11]. Large arrays of identical micron-scale Ni
features [6-10], ferrocene [11], cobalt/palladium muitilayers [12,13] and cobalt [13] were
deposited on a Si(111) wafers, gold, polyimide, and GaAs(110) by this method. Their magnetic
properties were studied by alternating gradient force magnetometry as well as magnetic force
microscopy and MOKE. Our morphological and magnetic measurements show that the
structures are spatially well defined, and the magnetic properties are related to the structural
shapes of the features. Most recently, we have fabricated ferromagnetic CrO, by this technique
[14].

The experimental results for micron scale nickel features can be modeled [10]. In small
spherical magnets, the coercivity is given by Ho, whereas deviations from the spherical shape

give rise to shape anisotropy. According to the Brown-Morrish theorem, the magnetostatic
energy of a uniformly magnetized body can bee written as Ems = poM.D.MV/2, where D is the
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demagnetizing tensor [15]. Using the in-plane coordinate frame where M = Ms (cosd ez + sin
cos} ex + sin@ sing ey), we obtain

E M2 3(Dx+D Dy-D
- “025 (I-Dx-Dy+sin29(( = L :5 xcos2¢)) 1)

where Dy and Dy > Dy are the 'in-plane’ eigenvalues of D. Note that the third eigenvalue is given
by Dz =1 - Dx - Dy. Since we focus on in-plane magnetization processes, we can put 6 = /2, so

that aside from a physically unimportant zero-point energy

Ems noMs2
\VJ = - ! (Dy - Dx) CcOoS 2(I)
)

Since Dy > Dy, the preferential magnetization directions are parallel to the x-axis.

Although Egs. (1) and (2) apply to any shape, the calculation of the eigenvalues of D

tends to be very difficult. For general ellipsoids of three different axes, the problem has been
solved by Osborn [16]. Using the axes of the ellipsoid as given by ax = a/2, ay = b/2, and az =

t/2, fora» b» tone obtains Dy = 0 and Dy = t/b, whereas a = b » t yields Dy = Dy = nit/4b. The
intermediate region involves complete elliptic integrals and is more difficult to treat.

. We have shown that the in-plane magnetization depends on the size and shape of the
individual magnetic features [6-13] and we have now fit the magnetization curves with simple
micromagnetic models, as just noted [10]. Our nickel features have thicknesses of order 500 nm
and lateral dimensions of order 20 pm. A part of the features exhibit a four-fold in-plane
symmetry or a nearly spherical symmetry, so that their uniform demagnetizing behavior is quasi-
uniaxial (Dx = Dy). Since Eq. (2) gives rise to a coercivity contribution 8Hp = (Dy - Dx) Ms, we
expect 8Hp = 0 and H¢ = Hp. for Nij, this is 14 mT (140 Oe). On the other hand, some features
exhibit a bar-shaped structure, where 8Hg is of order tMy/b = 100 mT (1 kOe). The coercivity of
the bar shaped features is indeed higher than that of the circles and squares, but the difference is
much smaller than expected from 6Hp. ' '

Our Ni features in question have a multidomain ground state, and the low remanence
indicates that the actual zero-field state is close to the ground state. An applied external field
leads to domain-wall motion. Since the Zeeman energy has to compete against the magnetostatic
self energy, saturation is achieved in fields of order tMg/b, that is about 100 mT. This is indeed

observed [10]. By comparison, the bulk anisotropies of order 14 mT play a secondary role.
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In films free of defects the domain walls are highly mobile, so that the magnetization
follows the field instantaneously and H¢ = 0. However, defects and film inhomogeneities lead to
domain-wall pinning and yield a nonzero coercivity. Physically, the wall prefers to stay in
regions where the wall energy is lowest. The coercivity is obtained the comparing the

magnetostatic and wall energies [17]. The coercivity is estimated from the energy expression

E =-2puoMsHbxt(x) +ybt(x) 3)

where x is a real-space parameter denoting the wall position. Assuming that x = 0 for H = 0 the

stability analysis of the wall position can be restricted to x « b. By putting OE/0x = 0 we obtain

y din®®)
He = 2moMs ~ax @

The logarithmic derivative exhibits a weak dependence on the film's microstructure but is of
order 1/<t>, so that we obtain pinning coercivities of order 1 mT (10 Oe). This is smaller than the
observed H; values and indicates that simple domain-wall pinning yields only a minor coercivity
contribution. One possible explanation is the involvement of small-scale peculiarities such as
comparatively sharp edges, but more detailed calculations require more sophisticated model
calculations.

Growth conditions are seen to substantially affect the microstructure and should affect the
coercivity but surprisingly this effect is not nearly as great as the influence of patterning a film,
even on the micron scale. Forming arrays of dots, with each feature as large as 20 microns, is
seen to alter the magnetic anisotropy for both cobalt thin films [13] and cobalt-palladium
multilayers [12-13]. On this size scale it is difficult to implicate shape anisotropy and
microstructure does not seem to be a great actor — the phenomena are observed for a range of
different microstructures obtained by growing on different substrates [12-13].

We are currently modeling the arrays of Co/Pd multilayer structures by our
micromagnetic calculations, and characterizing the magnetization reversal dynamics of these
features. We are also trying to correlate structural characterization and magnetic mapping of the
smaller individual features by transmission electron microscope methods, including differential
phase contrast techniques.

It should be noted that other research efforts have adopted our techniques for selective
transition metal deposition (Franz Himpsel's group in Wisconsin, W.W. Pai at Oak Ridge
National Laboratory, Guenter Reiss at the University of Bielefeld, Richard Palmer at
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Birmingham, Marjorie Langell here at UNL, to name a few). There is, perhaps, no higher
recognition of our successes.
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